The deformation mechanics of cloth are complex owing to its mesoscopic structure, and its destruction is one of the most intricate processes. In this study, the destruction of a low-density porous material is examined to gain understanding regarding its destruction, because this material has a simpler structure than cloth. In addition, it is useful to observe the fundamental destruction of a porous material similar to cloth. In this study, ball indentation is adopted because it can evaluate the mechanics without considering the directionality and fixing by pinching. In the ball indentation test of the low-density porous material examined herein, a plateau region is observed, in which the reaction force is nearly constant, and this force is larger than the value considered only for uniaxial compression. Numerical analysis is performed considering the shear fracture, and it validates the result of the plateau force obtained from the experiments. Furthermore, it is shown that the plateau force varies with the shear strain of the fracture.
Introduction
Mechanical characteristic of cloth such as tensile strength and tearing strength are related to its destruction [1] . A study on the breaking behavior of fabrics consisting of mono-filament yarns was published in the past [2] , but there are few studies on the destruction mechanism of cloth because of its complexity. To describe the destruction of cloth, it is necessary to understand the fundamentals of destruction and investigate this by accumulating knowledge of the destruction process.
In this study, a low-density porous material was chosen because such a material exhibits the fundamental behavior of destruction, though it has a simpler structure than cloth. Furthermore, it is useful to observe the fundamental destruction of a porous material such as cloth.
A ball burst test using a ball indenter can investigate the bursting strength of cloth [3] [4] [5] . Ball indentation can evaluate the mechanics without having to consider the directionality and fixing by pinching; therefore, it was adopted herein to analyze the destruction of the low-density porous material. Besides cloth, the ball indentation test is used to measure the physical properties of various materials because it has the advantage of not requiring to cut specimens from the materials being investigated. The ball indentation process of low-density porous materials can be classified as elastic, crush, and fracture regions. The elastic region can be described by the Hertzian contact theory [6, 7] , whereas in the crush region it is assumed that the stress of the crushed part is constant [8, 9] . Though, there are several studies on the destruction due to fracture [10] [11] [12] [13] , there still exist various problems in the fracture region because it is unclear how the indentation hardness should be interpreted in terms of material failure parameters [13] . In this study, the fracture properties of the low-density porous material were analyzed by applying ball indentation in the experiments and numerical analysis.
Specifically, numerical analysis was performed taking into account the shear fracture, and the relationship between shear strain of the fracture and plateau force was discussed by comparing the results of the numerical and experimental analysis.
Experimental conditions
The ball indentation test is one of the methods for evaluating the physical properties of materials, and the relationship between the indentation depth of the ball indenter and the reaction force on it is analyzed for the mechanical evaluation of materials. In this study, Fig. 1(a) , is used for the measurements. A diameter of indenter Φ = 1.0 mm is used, and it is shown in Fig. 1(b) . Its indentation speed was 1.0 mm/s. The ball indentation test was conducted ten times by changing the indentation point on one block, and indentation depth δ and vertical reaction force F on the ball indenter measured by the system were analyzed by another PC system.
Experimental results
The measured relationship between indentation depth δ and vertical reaction force F is displayed in Fig. 2 . It can be observed that the reaction force F relatively linear increases in the early stage of the indentation process corresponding to the elastic and crush regions [14] . Thereafter, there is plateau region such that reaction force F is approximately constant, and this is defined as plateau force F p in the fracture region [15] . Mean value F m of plateau force F p is 1.02 N in the fracture region.
Here, the elastic and crush regions are theoretically defined as follows: in the elastic region, the stress distribution at contact part by the indentation of rigid ball indenter is shown in Fig. 3 (a) from the Hertzian contact theory [6, 7] . In the crush region, the stress distribution is depicted in Fig. 3 (b) because of the stress suppression caused by the crushing of the low-density porous material, and σ p indicates its plateau stress [8, 9] . From these stress distributions, reaction force F on the indenter can be defined by equation (1) [9] (1)
where E is the Young's modulus, ν is the Poisson's ratio, Φ is the Poisson's ratio ν is zero, we obtain Young's modulus E = 2.74 MPa and plateau stress σ p = 0.965 MPa.
In the indentation process, the plateau force F p appears in the fracture region. In the fracture region, it is considered that critical force F c is expressed by equation (2) ( 2) where A c is the section area of indenter. This equation yields the force assuming that plateau stress σ p is applied to the entire undersurface of the indenter owing to the crushing of the lowdensity porous material. This is also the plateau force as ΔF in equation (3), it can be considered that another phenomenon of the materials acts on the indenter as shown in Fig. 4 .
One of the mechanics contributing to force ΔF is the tearing behavior [16, 17] . The corresponding force is required to tear the low-density porous material at the edges of the indenter. It is believed that this force appears as cracks in the low-density porous material, and such cracks (tear line, cut line, or tear crack) may be generated around the indenter in some cases [18] [19] [20] [21] . In this work, the tearing of the low-density porous material was regarded as a fracture due to shearing. Numerical analysis of the ball indentation was conducted considering the shear fracture and compared with the experimental results.
Numerical analysis conditions
The low-density porous materials are treated as homogeneous materials in the numerical analysis, because the homogeneous model is easy to analyze the geometrical model and it has the advantage to divert to design in machine products. For the fundamental study on the ball indentation, a simulation of uniaxial compression was performed to confirm that the theoretical plateau force described in equation (2) also appears in the numerical analysis prior to the ball indentation. The numerical model of the uniaxial compression is shown in Fig. 5(a) , and the numerical model of the ball indentation is shown in Fig. 5(b) . Fig. 6 and 7 are finite element mesh before and after the deformation of compression and indentation. The analysis conditions of these simulation are summarized in Table 1 (1) to the experimental results shown in Fig. 4 . The density and densification strain were originally set in reference to previous studies on the same material [14] . The stress-strain relationship of the specimen is shown in Fig. 8 . The specimens were treated as elastic bodies with Young's modulus of 2 GPa after the densification because it is considered as same as solid polystyrene [22] . In the ball indentation process, the fracture conditions were set by shear strain of fracture γ s to observe the shear fracture. When the shear strain of the elements becomes γ s under this condition, the elements are excluded from the numerical calculation of the fracture process.
By generating a forced displacement of the rigid plate and indenter with 1.0 mm/s, the surface of the specimen was indented with 0.8 mm (uniaxial compression) and 4.0 mm (ball indentation).
Here, friction was not considered for simplicity. The numerical analysis of the uniaxial compression was conducted using an implicit method, and the time step was set to 50 μs. The numerical analysis of the ball indentation was performed using an explicit method and the time step was set to 50 μs. Here, the movement of the indenter was defined by the forced displacement. Therefore, the densities of the indenter and specimen in Table 2 were assigned appropriate values for shortening the calculation time and stabilizing the calculation, which is known as "mass scaling". This 
Numerical result and discussion
The final analysis state (compression displacement u = 0.8 mm) of the uniaxial compression is presented in Fig. 6(b) , and the variation in the compression force and theoretical plateau force In the ideal ball indentation of the low-density porous materials, the elastic and crush region appear in the early stage, and then a plateau force F p appears as a line of "indentation with ideal fracture" in Fig. 12 . However, in the actual case that the plateau
force F p appears, it is considered that plateau force varies owing to the shear strain of fracture γ s .
Conclusion
The destruction of a low-density porous material was investigated by examining the ball indentation of a specimen and a numerical analysis, in order to gain further understanding of the destruction.
In the experiment, a plateau force was observed by the reaction force on the indenter. And there, by using numerical analysis, it is shown that the plateau force varied by the shear strain of fracture.
